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[571 ABSTRACT 
A method of determining vegetation height and water 
content of vegetation from the intensity and state of 
elliptical polarization of a reflected train of microwaves. 
The method comprises the steps of reflecting a circu- 
larly polarized train of microwaves from vegetation at a 
predetermined angle of incidence, detecting the re- 
flected train of microwaves, determining the ratio of the 
intensities of the electric field vector components, mea- 
suring the phase difference of the components, and 
computing the refractive index and thickness of the 
layer of vegetation from a formula, wherein the refrac- 
tive index is given essentially by the water content of 
the vegetation. 
2 Claims, 2 Drawing Figures 
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computing the refractive index nfand the thickness d of 
the layer of vegetation from the formula 
1 
REMOTE SENSING OF VEGETATION AND SOIL 
USING MICROWAVE ELLIPSOMETRY 
ORIGIN OF THE INVENTION 
The invention described herein was made in the per- 
formance of work under a NASA Contract and by an 
employee of the United States Government and is sub- 
ject to the provisions of Section 305 of the National 
Aeronautics and Space Act of 1958, Public Law 85-568 10 
(72 Stat. 435; 42 USC 2457), and may be manufactured 
and used by or for the Government for governmental 
purposes without the payment of any royalties thereon 
or therefor. 
5 [ T i  %exp(- i4~= d h ) ]  
'e = r: 
[ I+  w x p ( - i 4 a w d A ) I  ' 
[ 1 + Ifr',exp(-i4n 
[ rfrr,exp( - i4a 
d A )  ] 
d h )  ] 
2 
l5 In the formula, ry, r,& rj, and r,sare Fresnel coeffici- 
ents and are functions of 8, A, d, nrand n,and the refrac- BACKGROUND O F  THE INVENTION 
1. Field of the Invention tive index of the vegetation nfis given essentially by the 
The present invention relates generally to the exami- water content of the vegetation. 
nation of the surface reflection of polarized electromag- In another aspect, the present invention relates to a 
netic wave radiation, and more particularly to the use of 2o method of determining the moisture of a soil substrate. 
surface reflection of polarized electromagnetic radia- The method comprises the steps of reflecting a circu- 
tion to determine the properties of materials on or near larly polarized train of microwaves of wave length A 
the earth's surface. from the soil substrate at a predetermined angle of inci- 
2. Description of the Prior Art dence 8, detecting the reflected train of microwaves, 
Radar imaging, because it can be obtained through 25 determining the ratio I/& of the intensities of the or- 
cloud cover, at night, over large areas, and with high thogonal components of the electric field of the re- 
spacial resolution has been utilized for the remote sens- flected train of microwaves in the plane of incidence 
ing of agricultural conditions from aircraft or space- and normal to it, measuring the phase difference 90" + 
craft. Empirical attempts have been made to correlate 3o A ofthe components of the electric field of the reflected 
soil moisture with signal strength, and to differentiate train of microwaves, and computing the refractive 
between fields of different crops by measuring the char- index nhd m of the Soil substrate from the formula 
acteristic radar return at fixed frequencies and at verti- 
tally or horizontally oriented linear polarizations. How- 
-@A=- 4 %  
ever, no simple and straightforward remote sensing 35 1: r, 
method exists in the prior art for measuring the refrac- 
tive index of the soil, which is indicative of soil mois- 
ture; the refractive index of the vegetation, which is 
indicative of the water content of the vegetation; and 
the height of the vegetation. 
BRIEF SUMMARY OF THE INVENTION 
It is therefore One object Of the present invention to 
provide an improved method of remote sensing of vege- 
tation and soil. 
an improved method of remote sensing of vegetation 
and soil for determining the soil moisture. BRIEF DESCRIPTION O F  THE DRAWINGS 
It is yet another Object Of the present invention to FIG. 1 is a schematic diagram of a first embodiment 
Provide an improved method of remote sensing ofvege- 50 of a microwave ellipsometry apparatus for carrying out 
tation and soil for determining the type and water con- the present invention. 
tent of the vegetation. FIG. 2 is a schematic diagram of a second embodi- 
It is a further object of the present invention to pro- ment of a microwave ellipsometry apparatus for carry- 
vide an improved method of remote sensing of vegeta- ing out the present invention. 
tion and soil for measuring the height of the vegetation. 55 
The objects of the present invention are achieved in DESCRIPTION OF THE PREFERRED 
one asDect bv a method of determining the water con- EMBODIMENTS 
Referring to FIG. 1, a first embodiment of a micro- 
wave ellipsometry apparatus for carrying out the inven- 
tive method is illustrated. In the Figure, there is shown 
a layer of vegetation 11 whose mean thickness and 
electrical properties, in addition to the electrical proper- 
ties of the soil substrate 13 resting beneath it, are to be 
determined. The microwave elements are conventional 
and well-known to those skilled in the art. Radiation 
from the antenna 15 of a microwave transmitter 15 on a 
first platform is directed at the vegetation 11 and the soil 
substrate 13. Reflected energy from the top surface of 
In the formula, rd and rmr are the ~~~~~~l coefficients 
for the components of the electric field of the reflected 
train of microwaves in the plane of incidence and nor- 
40 mal to it and are functions of 8, h and n,, and the refrac- 
tive index of the soil substrate n, is given essentially by 
the moisture of the soil substrate. 
The foregoing as well as other objects, features and 
advantages of the present invention will become more 
45 apparent from the following detailed description when 
taken in conjunction with the appended drawings. It iS another object Of the present invention to provide 
tent and thickness of a layer of vegetation on a soil 
substrate of known refractive index n,. The method 
comprises the steps of reflecting a circularly polarized 60 
train of microwaves of wave length h from the vegeta- 
tion at a predetermined angle of incidence 8, detecting 
the reflected train of microwaves, determining the ratio 
I//Igof the intensities of the orthogonal components of 
the electric field of the reflected train of microwaves in 65 
the plane of incidence and normal to it, measuring the 
phase difference 90" + A of the components of the 
electric field of the reflected train of microwaves, and 
4.052,666 
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the vegetation and the interface between the vegetation 
and the soil substrate is picked up by the antennae 17 
and 19 of the microwave receiver on a second platform 
and detected in the amplitude detectors 21 and 23, and 
in the phase detector 25. The output of the amplitude 
detectors is fed to a divider circuit 27. The information 
received from a divider circuit 27 and the phase detec- 
tor 25 is analyzed in the computer 29. 
Before discussing the operation of the FIG. 1 arrange- 
ment, it is in order to consider the Drude theory of the 
effect of reflection on the state of polarization of a po- 
larized light wave (Ann. Physik 212, 532, 865; Ann. 
Physik 275, 481). According to this theory, there exists 
a mathematical relationship between the refractive 
index of a substrate, the refractive index and thickness 
of a dielectric film covering the substrate and the reflec- 
tion coefficients and absolute phase shifts of the two 
component plane waves of the electric field vector of a 
polarized light wave reflected from the film covered 
substrate. 
The two parameters correlated with the thickness d 
and the refractive index n of the dielectric film are Y 
and A. The parameter Y = arctan ( w h )  where p i s  the 
reflection coefficient of the component of the electric 
field vector in the plane of incidence after reflection, 
and z is the reflection coefficient of the component of 
the electric field vector normal to the plane of incidence 
after reflection. The parameter A = up-us, where up 
and usare the absolute phase shifts of the same compo- 
nents brought about by the reflection. 
The effect of reflection from a film covered substrate 
on the intensities and phases of the components of the 
electric field vector depends on interference between 
the light wave reflected from the air-film interface and 
the light waves refracted into the air after each of an 
infinite number of reflections between the film-substrate 
and the film-air interfaces. Thus, the relationships be- 
tween the properties of the reflecting systems and Y and 
A are derived in terms of the Fresnel reflection coeffici- 
ents for the component plane waves of the electric field 
In the formula, Iprepresents the intensities of the com- 
ponents of the electric field veqtor and 11p.s represents 
the corresponding absolute phase shifts. Ips are the in- 
tensities of the components before reflection; r p  and 
r,,pare the Fresnel coefficients for reflection at the film 
and substrate surface, respectively. d is the thickness of 
the film, nfits index of refraction, 8 the angle of inci- 
dence and h the wave length of the incident light wave. 
The superscripts, p and s indicate that this formula holds 
for each component separately. Writing the above for- 
mula for the two components p and s separately and 
taking the ratio, one obtains formula (B), namely, 
4 
-continued 
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where rf, r,,,p, r/: and r,=are functions of 9, h, d and the 
refractive indices nfand n,  of film and substrate respec- 
l5 tively. d and n cannot be expressed in closed form in 
terms of the measurable quantities Y and A. However, 
iteration methods are available for use with computers, 
such as National Bureau of Standards Technical Note 
242, which can compute d and n from Y and A, 
Since Drude’s theory is based on Maxwell’s equations 
which are valid not only for visible light but for all 
electromagnetic waves, the correlation between Y and 
A and n and d must be the same in the microwave region 
25 as in the optical region. A layer of vegetation on a soil 
substrate must, therefore, be seen by means of micro- 
waves in a similar way as the thin film on the thick 
substrate is seen by means of visible light. The height of 
the vegetation corresponds to the film thickness d, 
3o whereas the effective refractive index of the vegetation 
which at microwave frequency is as given essentially by 
its moisture content corresponds to the refractive index 
n of the film. The basic difference is that all dimensions 
are enlarged by a factor between 10,000 and 2,000,000. 
In operation of the apparatus of FIG. 1, a train of 
microwaves emerges circularly polarized from the an- 
tenna 15 and is directed toward the vegetation at a 
predetermined angle of incidence 8. The intensities If 
and 1:of the orthogonal components of the electric field 
of the circularly polarized wave in the plane of inci- 
dence and normal to it are equal and have a phase differ- 
ence of 90’. The train of microwaves is reflected from 
2o 
35 
vector at the two interfaces and the optical thickness of 
by formula (A), namely, 
the vegetation 11 and the soil substrate 13. The layer of 
45 and has a thickness d. The soil can be characterized by 
a refractive index n,. The two components of the train 
of microwaves after reflection are received by two 
orthogonally arranged dipole antennas 17 and 19 and 
are detected in the amplitude detectors 21 and 23 which 
50 measure their intensities Ip and I/. The phase detector 
25 measures the phase difference, 90’ + A between the 
components. The divider circuit 27 determines the ratio 
of Ip to 1;. This ratio is just equal to tan Y since the ratio 
of Ip to 1: is unity. The values of tan Y and A are then 
fed to the computer 29 which computes the refractive 
indices of the vegetation and of the soil substrate, and 
the thickness of the vegetation according to a computer 
program such as that described in National Bureau of 
Standards Technical Note 242. 
There may be as many as five unknowns. These in- 
clude the real part of the dielectric constant of the vege- 
tation e; and the imaginary part of the dielectric con- 
stant of the vegetation e;’ related to the refractive index 
nf by the identity e; - je;’ = n,+ the real part of the 
dielectric constant of the soil substrate E,’ and the imag- 
inary part of the dielectric constant of the soil substrate 
E,” related to the refractive index n ,  by the identity e,’ 
- je,” = n,2; and the thickness of the vegetation layer 
the film. The resulting fundamental relationship is given vegetation can be characterized by a refractive index 
(*) 
- If.’ @YPJ = (y + %i5exp(-i47r uns-sm28 dA) ) 
$’ 
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d. Generally, if a single measurement is made, 3 of 5 
variables must be known in order to determine the 2 
other variables. For example, if there is no vegetation 
layer, E," and E," can be determined from the formula 
(B) with rf' = d = 0. If the electrical properties of the 
soil are already known and if the real and imaginary 
parts of the dielectric constant of the vegetation layer 
are in a well-known relationship, for example, E;' = 0, 
or generally E;' is a function of E; then, E;, E;' and d can 
be determined. If only two of the five variables are 
known, the three other variables can usually be deter- 
mined by taking measurements at two different angles 
of incidence 8 ,  and &, IT should be noted that Y and A 
are cyclic functions of 8 and d. This fact results in ambi- 
guities when d is a large fraction, for example 30% or 
more, of the wave length. In order to avoid such ambi- 
guities, one has to make measurements either at a long 
enough wavelength, or at two different wavelengths. 
Referring to FIG. 2, a second embodiment of a micro- 
wave ellipsometry apparatus for carrying out the inven- 
tive method is illustrated. In this instance, the apparatus 
differs from that shown in FIG. 1 by the inclusion of 
both transmitter and receiver on the same platform in 
order that conventional radar equipment may be used 
for the microwave ellipsometric measurements. Al- 
though the transmitter and receiver are now located at 
the same place with respect to the vegetation surface 
and not at location symmetrical to the normal of the 
vegetation surface plane, the electric properties of the 
vegatation layer and soil substrate can still be deter- 
mined by the method described in connection with 
FIG. 1 for the following reason. When the wave length 
is 1 meter or greater, the incoherent component of the 
scattered wave is substantially weaker than the coher- 
' ent component. The formula for calculating both the 
incoherent and coherent components can be found in 
the book entitled "Radar Cross Section Handbook," 
second volume and published by Plenum Press, New 
York, N.Y., 1970 edition. The coherent component 
5 
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obeys all the rules of ellipsometry, whereas the incoher- 40 
ent component does not. To effectively carry out the 
method in the second embodiment, it is essential to use 
a long wave length. The wave length must be at least 
ten times longer than the mean roughness height of the 45 
surface under investigation. 
Obviously, numerous additional modifications and 
variations of the present invention are possible in light 
of the above teachings. It is therefore to be understood 
that within the scope of the appended claims, the inven- 
tion may be practiced otherwise than as specifically 
described herein. 
What is claimed as new and desired to be secured by 
Letters Patent of the United States is: 
1. A method of determining the water content and 55 
thickness d of a layer of vegetation on a soil substrate of 
known refractive index n ,  comprising: 
transmitting a circularly polarized train of micro- 
waves of wave length A to a layer of vegetation at 
a predetermined angle of incidence 8, the orthogo- 
nal components of the electric field of said micro- 
waves having equal intensities Ipand I: and in quad- 
rature in the plane of incidence and normal to it; 
6 
receiving the orthogonal components of the train of 
microwaves reflected from the layer of vegetation 
and the soil substrate; 
detecting the intensities Ip  and I; of the orthogonal 
components of the electric field of the received 
reflected train of microwaves; 
determining the ratio IpA; of the intensities of the 
detected orthogonal components of the electric 
field of the received reflected train of microwaves; 
measuring the phase difference 90" + A of the or- 
thogonal components of the electric field of the 
received reflected train of microwaves; and 
computing the refractive index nfand the thickness d 
of the layer of vegetation from the formula: 
exp( - i4w d /h )  ] 
4 - &A = 
P, [ 1 + 1pg,exp(-i4ir=d/h] 
[I  + ~ e x p ( - i 4 w ~ d / A ) ]  
[ v +  ~ , e x p ( - i 4 w w d / k ) ]  
wherein rf, i-2, rfand r,sare the Fresnel coefficients 
and are functions of 8, A, d, nfand n,; and the refractive 
index of the vegetation nf is given essentially by the 
water content of the vegetation. 
2. A method of determining the moisture of a soil 
substrate comprising: 
transmitting a circularly polarized train of micro- 
waves of wave length A to a layer of soil substrates 
at a predetermined angle of incidence, the orthogo- 
nal components of the electric field of said micro- 
waves having equal intensities If and 1:and in quad- 
rature in the plane of incidence and normal to it; 
receiving the orthogonal components of the train of 
microwaves reflected from the layer of vegetation 
and the soil substrate; 
detecting the intensities Ip and I; of the orthogonal 
components of the electric field of the received 
reflected train of microwaves; 
determining the ratio I,P/I,S of the intensities of the 
detected orthogonal components of the electric 
field of the received reflected train of microwaves; 
measuring the phase difference 90" + A of the or- 
thogonal components of the electric field of the 
received reflected train of microwaves; and 
computing the refractive index n, of the soil substrate 
from the formula 
wherein i-,,f and r,s are the Fresnel coefficients for the 
orthogonal components and are a function of 8, A, and 
n,; and the refractive index of the soil n ,  is given essen- 
tially by the moisture of the soil substrate. * * * * *  
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